Cold seeps are locations where seafloor communities are influenced by the seepage of methane and other reduced compounds from the seabed. We examined macro-infaunal benthos through community analysis and trophic structure using stable isotope analysis at 3 seep locations in the Barents Sea. These seeps were characterized by high densities of the chemosymbiotic polychaetes Siboglinidae, clade Frenulata (up to 32 120 ind. m −2 ), and thyasirid bivalves, Mendicula cf. pygmaea (up to 4770 ind. m −2 ). We detected low δ 13 C signatures in chemosymbiotic polychaetes and in 3 species of omnivorous/predatory polychaetes. These δ 13 C signatures indicate the input of chemosynthesis-based carbon (CBC) into the food web. Applying a 2-source mixing model, we demonstrated that 28−41% of the nutrition of non-chemosymbiotic polychaetes originates from CBC. We also documented large community variations and small-scale variability within and among the investigated seeps, showing that the impact of seepage on faunal community structure transcends geographic boundaries within the Barents Sea. Moreover, aggregations of heterotrophic macro-and megafauna associated with characteristic seep features (microbial mats, carbonate outcrops, and chemosymbiotic worm-tufts) add 3-dimensional structure and habitat complexity to the seafloor. Cold seeps contribute to the hydrocarbon-derived chemoautotrophy component of these ecosystems and to habitat complexity. These characteristics make the cold seeps of potential high ecological relevance in the functioning of the larger Arctic−Barents Sea ecosystem.
INTRODUCTION
Offshore marine primary production originates largely from phytoplankton in surface waters (Syvertsen 1991, Søreide et al. 2006 ). In the Arctic, primary production is strongly linked to seasonal cycles and is constrained by an intense growth period of short duration during Arctic spring and summer (Wassmann et al. 2006 ). In addition to phytoplankton production, sea-ice algae can be an important marine photosyn-thetic carbon source early in the spring (Syvertsen 1991 , Hobson et al. 1995 , Søreide et al. 2006 . For benthos and other organisms below the photic zone, these communities are to a large extent reliant on the export of surface-water primary production and partially degraded organic matter to the seabed i.e. pelagic− benthic coupling (Graf 1989 , Hobson et al. 1995 , Renaud et al. 2008 . In deep-sea systems, in situ dark in orga nic carbon fixation via prokaryotes is also a significant carbon source supporting benthic communities (Sweet man et al. 2019 ). In the Arctic, the largescale seasonal variations, sea-ice cover, and ice-algae production in combination with sedimentation rates and grazing pressure by zooplankton may create a particularly strong cryo-pelagic− benthic coupling that regulates the composition and function of seafloor shelf-communities (Syvertsen 1991 , Hobson et al. 1995 , Wassmann et al. 2006 ). This conventional paradigm of offshore marine productivity is based on carbon originating mainly from photosynthesis via biosynthesis in ocean surface waters. At cold seeps, where hydrocarbons such as methane emanate from the seafloor, chemosynthesis is an alternative mode of carbon fixation (Brooks et al. 1987 , Zapata-Hernández et al. 2014 .
At the base of cold seep-associated food webs are specialized microbes that exploit methane and sulfide within anoxic sediments or within the tissues of various organisms , Levin et al. 2016 ). Among the most important are consortia of methanotrophic archaea and sulfate-reducing bacteria that mediate the anaerobic oxidation of methane (AOM) coupled to the reduction of sulfate. Free-living sulfur-oxidizing (= thiotrophic) bacteria (SOB) can in turn utilize the AOM end-product (sulfide) as an energy source for carbon fixation, and mutualistic associations (i.e. symbioses) occur between animals and aerobic methanotrophs and/or thiotrophic microbes. Energy is also indirectly channeled into, and through, the seep food web via trophic predator−prey interactions and microbial grazing (Decker & Olu 2012 , Niemann et al. 2013 , Zapata-Hernández et al. 2014 . Such symbiotic relationships and trophic interactions can result in habitats consisting of specialized faunal communities including typical chemosymbiotic cold seep fauna (e.g. bathymodiolin mussels, vesicomyid bivalves, and siboglinid tubeworms) (Bergquist et al. 2005 , Vanreusel et al. 2009 , Levin et al. 2016 .
The importance of chemosynthetic carbon (CBC) in benthic food webs has been documented for cold seeps globally (Levin 2005 , Decker & Olu 2012 , Zapata-Hernández et al. 2014 . Stable isotope analysis has provided valuable insight into trophic interactions and the utilization of different carbon sources (Brooks et al. 1987 , Ferrier-Pagès & Leal 2018 . By combining analyses of stable carbon (δ 13 C) and nitrogen (δ 15 N) isotope ratios to assess energy sources and trophic structure, it is possible to investigate community characteristics and predator−prey interactions and to generate insights into resource utilization (Brooks et al. 1987 , Hobson & Welch 1992 , Vander Zanden et al. 1999 ). Chemosynthetically fixed carbon can have either a 13 C-enriched (δ 13 C of −9 to −16 ‰) or depleted (δ 13 C < −35 ‰) carbon isotopic signature when compared to photosynthetically fixed carbon (House et al. 2003 , Ferrie-Pagès & Leal 2018 . The lower (i.e. more negative) δ 13 C values within this bimodal spectrum for CBC can be attributed to the use of the enzyme Rubisco I as catalyst in the carbon fixation step of the Calvin Benson-Bassham cycle (CBB) (Robinson & Cavanaugh 1995 , Ferrier-Pagès & Leal 2018 . The higher (i.e. less negative) δ 13 C signatures can involve the Rubisco II enzyme in the CBB cycle or the reductive tricarboxylic acid cycle (rTCA) for carbon fixation (Hügler & Sievert 2011 , Thiel et al. 2012 ). Methanotrophy can result in even lower δ 13 C signatures than those associated with carbon fixation via CBB, and the degree of the 13 C depletion will depend on whether the source of methane is either thermogenic (δ 13 C usually ranging from −37 to −55 ‰) or microbial (δ 13 C ≈ −60 to −80 ‰) (Brooks et al. 1987 , Martens et al. 1991 , Holler et al. 2009 ). Finally, low δ 13 C-biomass isotopic signatures may also arise from sequential fractionation, for example, when autotrophic sulfur oxi dizers utilize 13 C-de pleted CO 2 derived from me thane oxidation at cold seeps (Lösekann et al. 2008) . Such δ 13 C signatures differ substantially from photosynthesized orga nic car bon from phytoplankton (δ 13 C typically −20 to −25 ‰) and ice algae (typically −15 to −20 ‰) (Hobson et al. 1995 , Søreide et al. 2006 ). Hence, due to differences in the carbon end-member isotope compositions caused by different carbon fixation pathways, trophic interactions, and carbon-source δ 13 C signatures, 13 C/ 12 C ratios in biomass provide a valuable tracer of CBC in marine food webs (Robinson & Cavan augh 1995 , Zapata-Hernández et al. 2014 , Ferrier-Pagès & Leal 2018 .
In addition to their importance in the context of nutrient allocation for benthic communities, cold seeps have other ecosystem functions and play an im portant role in structuring faunal community composition. Seepage of fluids and gases in the sediment creates strong geochemical gradients that influence organisms on multiple spatial scales (Bergquist et al. 2005 , Bowden et al. 2013 , Levin et al. 2016 ) and mod-ulates local seabed biodiversity and heterogeneity (Vismann 1991 , Sibuet & Olu 1998 . At cold seeps, chemosymbiotic energy sources can give rise to highly specialized communities thriving in high abundances and at high biomass (Sibuet & Olu 1998 , Bergquist et al. 2005 , Vanreusel et al. 2009 ). Moreover, excess bicarbonate produced during AOM can precipitate and form methane-derived authigenic carbonate pavements (hereafter referred to as carbonate outcrops) on the seafloor (Bohrmann et al. 1998 ). These carbonate outcrops constitute important features, adding 3dimensional (3D) structure and enhancing faunal habitat complexity with re spect to the surrounding seafloor (Carney 1994 , Levin et al. 2016 , Åström et al. 2018 .
Cold seeps occur in all the world's oceans (Sibuet & Olu 1998 , Vanreusel et al. 2009 , Levin et al. 2016 , including the Arctic , Paull et al. 2015 , Savvichev et al. 2018 . Natural methane seeps have also been found in the Barents Sea, around the Svalbard archipelago, where gas seepage likely results from the dissolution of hydrate reservoirs in the sub-seabed caused by post-glacial isostatic re bound from the last glacial maximum (LGM) (Portnov et al. 2016 ) and tectonic stress (Plaza-Faverola & Keiding 2019) . Several of these seeps have been intensely studied with respect to geophysical and geochemical aspects (e.g. Sahling et al. 2014 , Andreassen et al. 2017 , and to a lesser extent, their ecological significance (Åström et al. 2016 (Åström et al. , 2018 (Åström et al. , Sen et al. 2018a ). However, the trophic structure within these ecosystems is poorly understood.
Studies on carbon cycling within Svalbard fjords and the adjacent offshore shelves have demonstrated the relative importance of carbon sources from terrestrial origin versus phytoplankton, macroalgae, and ice-algae contributions to the Arctic marine food web (e.g. Søreide et al. 2006 , Holding et al. 2017 . The contribution of CBC from cold seeps to high-Arctic benthic food webs has scarcely been investigated outside the area of the Håkon Mosby mud volcano (HMMV) at the western border of the Barents Sea slope (1200 m water depth) (e.g. Gebruk et al. 2003 , Decker & Olu 2012 . To our knowledge, the importance of CBC in fueling benthic food webs has never been assessed at cold seeps on the Barents Sea shelf.
Our goal was to examine to what extent CBC originating from methane sources at cold seeps in the Barents Sea is incorporated into benthic invertebrates in these habitats. Furthermore, we investigated the macro-infaunal community structure to compare the communities at cold seep stations within the Barents Sea with non-seep stations as references. Using community analysis of faunal composition as well as stable isotope analyses, we evaluated the impact of cold seeps and environmental variables on benthic community structure and interactions at multiple sites. The community analysis elucidated which dominant faunal components drive observed community structure patterns at the cold seeps, while the isotopic measurements provided insights into the role of CBC within the food web.
MATERIALS AND METHODS

Study areas
The Barents Sea is a continental shelf sea located between the mainland of northern Norway and the Svalbard archipelago. To the west, it borders the Norwegian Sea (North Atlantic Ocean), and to the east, it is separated from the Kara Sea by the island of Novaja Zemlja (Fig. 1) . The Barents Sea shelf is influenced by both warm and saline Atlantic water from the southwest, and cold Arctic water masses from the northeast, forming the oceanic boundary known as the polar front (Loeng 1991 (Jakobsson et al. 2012) bathymetry is characterized by numerous troughs, banks, and post-glacial features including many wedges and iceberg plough marks .
Cold seeps in which seabed emissions have been found to originate from sub-seabed dissociating gas hydrates have been documented at numerous locations along the western Svalbard margin. Indeed, several of the seeps occur near the predicted upper depth limit of the gas hydrate stability zone, resulting in a release of methane from these gas reservoirs (Sahling et al. 2014 , Portnov et al. 2016 ). In the western Barents Sea, 2 such locations have been identified in the outer part of Storfjordrenna, with clear evidence for sub-surface gas deposits and hydrocarbon seepage (Fig. 1) . The southernmost location is known as the Storfjordrenna seep field (SR). This site is characterized by a predominantly soft-bottom plain, where small carbonate outcrops, chemosymbiotic polychaete colonies and microbial mats have been observed at a water depth of 350 m (Åström et al. 2016) . Approximately 30 km northwest of SR, a cluster of methane-seeping gas hydrate mounds (GHMs) was recently discovered . These rounded domes are a few hundred meters in diameter and rise approximately 8−10 m from the seabed at water depths of around 380 m. Several of the GHMs contain gas hydrates in near-surface sediments, display elevated concentrations of dissolved methane in the sediment pore water, and are actively emitting methane gas into the water column (Hong et al. 2017 ). Further to the east into the central Barents Sea, an area with verified seabed seepage activity, craters, and crater-mound complexes has been documented in the Bjørnøyrenna trough (BR) ( Fig. 1) (Solheim & Elverhøi 1993 , Andreassen et al. 2017 . A few of these seeping craters and adjacent areas have been investigated for their macrobenthic community structure (Åström et al. 2016).
The above-described sites were the target of our study. These cold seeps were all once covered by the Barents Sea Ice Sheet (BSIS) during the LGM. Modeling and paleo-oceanographic records suggest that the outer SR became ice-free around 19 000 cal. yr BP (Rasmussen et al. 2007 , and that the central part of the Barents Sea, the BR, was icefree around 15 000 yr BP (Andreassen et al. 2017 . Evidence of dynamic paleo-ice stream activity at the seabed, such as mega-scale glacial lineations, indicate that the large seabed structures associated with cold seeps in this study (mounds and craters) were formed after the deglacia-tion of the BSIS from the region and can be considered relatively young formations (at least on a geological time-scale: <15 000 yr BP) , Andreassen et al. 2017 .
We designated 2 main sampling regions within the study area: the 'Storfjord' and the 'Crater area', which refer to the name of the trough and the characteristic depressions, respectively ( Fig. 1, Table 1 ). Storfjord consists of the sites around the SR seep field (SR 1, SR 15) and the GHMs (GHM 2, GHM 3), as well as paired non-seep reference stations (SR 2C and GHM C). The Crater area refers to Stns BR 3, BR 15, BR 16, and a non-seep reference site (BR C) located in the BR trough (see Table 1 for details).
Benthic sampling
We collected faunal and sediment samples from 3 verified locations of methane seepage (BR, GHM, SR) ( Fig. 1 ). Additionally, we sampled at non-seepage (i.e. control) locations. All sampling was conducted from the R/V 'Helmer Hanssen' during the Arctic spring/ summer seasons in 2014, 2015, and 2016 (Table 1) . Locations of active hydrocarbon seepage were selected based on previous surveys in the region (Solheim & Elverhøi 1993 , Åström et al. 2016 , Hong et al. 2017 , and where acoustically detected gas/ bubble streams (i.e. acoustic flares) were re corded with a single beam echo sounder (Simrad EK60; frequencies 18 and 38 kHz). Vertical CTD hydro casts (SBE 9 plus sensor) were performed at each station prior to sampling on the seafloor. Benthic sampling for faunal community analyses in 2014 was conducted where acoustic reflections from bubble streams where observed in the water column (see detailed description in Åström et al. 2016), using a van Veen grab (0.1 m 2 ). During the 2015 survey, samples were collected in areas where characteristic seep features, such as flares, microbial mats, and carbonate outcrops, were identified through seafloor imagery using a towed camera-guided multicorer with CTD sensor (see details in Åström et al. 2018) . In 2016, seafloor imaging was carried out using a remotely operated vehicle (ROV; Sperre 30K, www. ntnu. edu/aur-lab/ rov30k) operated by the Norwegian University for Science and Technology. Video recording and stereo camera imaging (resolution: 1360 × 1024 pixels) allowed pinpointing areas of active gas ebullition and detailed investigation of the seafloor structures including carbonate outcrops and microbial mats (Sen et al. 2018a ). In addition to visual investigations of the sea floor using the towed camera and ROV in 2015 and 2016, we collected sediment samples for quantitative faunal analyses with van Veen grabs (0.1 m 2 ). For the same purpose, we also included one sample taken with a blade core (0.018 m 2 ) from the ROV in a tuft of chemosymbiotic polychaetes in the vicinity (within meters) of a bubble stream of seeping gas in order to obtain a detailed overview of the faunal composition in this habitat (Table 1 ). In total, we sampled 10 van Veen grab stations from designated seeps and non-seep control sites in order to characterize macrofaunal communities (≥500 µm) ( Table 1 ). Five replicate grabs were taken at each station for quantitative faunal analysis, ex cept for at one station (SR 15) where only 4 replicates were collected. We took an additional grab sample at each station for the determination of sediment characteristics including poro sity, grain size, total organic carbon (TOC), and benthic pigments (chlorophyll a [chl a] and phaeo pigments [PhP] ).
In addition to the above samples used for community quantification, a number of faunal samples were collected from different types of sampling gear and devices such as grabs, sediment cores, triangle dredges, and through 'manual' ROV-sampling, i.e. scooping with a benthic 'butterfly' net. These samples were used for bulk stable isotope analyses (δ 13 C and δ 15 N) of benthic organism tissue (Hobson & Welch 1992 , Hobson et al. 1995 , Søreide et al. 2006 to assess food web and trophic level (TL) interactions. Animals for isotopic analysis were sorted and identified immediately after collection, and for some taxa (primarily for mud-dwelling echinoderms), we in cluded a 1−2 d de puration period in a dark cold-room onboard the vessel in order to clear the guts of ingested sediment. All organisms collected for isotope measurements were stored frozen (−20°C) prior to further processing and laboratory analysis.
Macrofaunal community characterization
Benthic samples for macrofaunal community structure analysis were sieved immediately onboard the vessel using a 500 µm mesh. Material retained on the sieve was fixed in formaldehyde (4%), mixed with rose-bengal for staining live tissue, and the solution was buffered with borax (sodium tetra-borate deca hydrate). In the labo- ratory, samples were sorted and identified to the lowest possible taxon and stored in 80% ethanol. This procedure followed the ISO 16665: 2014 fieldwork protocol to ensure consistency and quality control of benthic faunal surveys. Organisms were first separated into main phyletic groups: Crustacea, Echinodermata, Mol lusca, Polychaeta, and 'diverse' (containing members of the taxonomic groups Bra chio poda, Chordata, Cnidaria, Hemichordtata, Nemer tea, Oligochaeta, Platyhel min thes, Priapulida, and Sipuncula). Taxonspecific counts were compiled after each individual was identified to species or the lowest possible taxonomic level. Individuals of each phyletic group were weighed collectively to obtain aggregated wet weight of the respective groups. True planktonic taxa were excluded from the counts, as were Foraminifera and Nematoda, which are not quantitatively retained on a 500 µm mesh. Colonial taxa such as Porifera, Bryozoa, and Hydrozoa were excluded in the faunalabundance analysis, but their biomass was included in the 'diverse' phyletic group.
Benthic pigment and sediment analysis
Sediment-bound chl a and PhP were quantified in sediment samples as indicators of photosynthetically derived organic material deposited on the seafloor. Sediment chl a indicates relatively recently produced material, whereas PhP represent the degradation product of chl a. Surface-sediment pigment concentrations (upper 0−2 cm) from sediment samples were analyzed by fluorometery (Holm-Hansen et al. 1965) . Sediments and filters for chl a and PhP samples were extracted with acetone for 12−24 h, covered with aluminum foil and kept in a freezer. After extraction, samples were centrifuged, decanted, and measured for fluorescence using a Turner Design Model 10 AU fluorometer before and after acidification with hydrochloric acid (1 M). The measured concentrations were corrected for sediment porosity.
Porosity of sediment samples was determined using a wet−dry method, where pre-weighed vials of known volume were filled with sediment, weighed, dried at 60°C until all water evaporated, and reweighed. Density of the sediment was calculated using the wet weight and the total water-filled pore space of the sample (Zaborska et al. 2008) .
Sediment grain size (fraction of pelite < 0.63 µm) and TOC were determined by subsampling surface (0−2 cm) sediments (minimum 50 g) from grab samples. Grain size was determined according to Bale & Kenny (2005) . For TOC, samples were dried and homogenized and first, total carbon (TC) was determined. Subsequently, acid (HCl) was added to another sample aliquot and total inorganic carbon (TIC) was quantitatively re moved. After acidification, samples were dried at 70°C. Analysis of both the TC and TOC content were performed on a Shimadzu SSM 5000 and Elementar Vario Cube, where the samples were combusted at 950°C and the resulting CO 2 was quantified using a flame ionization detector.
δ 13 C and δ 15 N analysis
For stable isotope analyses, smaller organisms were processed as whole units, whereas specific tissues were sampled from larger individuals (e.g. muscle, tail, intestine, foot) depending on taxa. Samples were freeze-dried for 24 h and the dried tissue was homogenized and weighed into tin capsules, ~1.5 mg tissue sample −1 . For sediments, ~25 mg of freezedried material was weighed into tin capsules. Particulate organic matter (POM) samples were derived from seawater samples (2.5−3 l) filtered onto precombusted membrane filters (0.22 µm, 4.7 cm; Merck Millipore) and stored frozen prior to freeze-drying. δ 15 N and δ 13 C composition of bulk material (tissue and sediments) was measured using an elemental ana lyzer coupled to an isotope ratio mass spectrometer (EA-IRMS; INTEGRA2; Sercon). The combustion and reduction reactors of the instrument were operated at 1050 and 600°C, respectively. Gas chromatographic separation of the combustion and reduction products (N 2 and CO 2 ) was achieved on a packed column (stainless steel, 50 cm, 1/4" o.d., Carbosieve G, 60/80 mesh; Analytical Columns) at a temperature of 55°C, with He as a carrier gas (55 ml min −1 ). The raw nitrogen and carbon isotopic data were blank-, linearity, and drift-corrected by means of 2-point calibrations based on EDTA and IAEA-N-2 or EDTA and IAEA-CH-6 standards, respectively. Iso topic compositions are reported in the conventional δ-notation, as δ 15 N and δ 13 C in per mille relative to air and VPDB (Vienna Pee Dee Belemnite), respectively. Reproducibility based on duplicate analyses of samples, as well as internal and external standards was better than ± 0.25 ‰ for δ 15 N and better than 0.1 ‰ for δ 13 C.
We calculated the TL of taxa to determine their trophic position in the food web (i.e. first-order consumer [grazer], second-order consumer [predator], etc.). As a first step, we assumed photosynthetic POM to be the sole carbon and nitrogen source in the targeted areas. The POM δ 13 C and δ 15 N values determined in this study, integrated with published values collected under similar conditions (Søreide et al. 2006 (Søreide et al. , 2008 , were used as a baseline isotopic signature for estimating the trophic position of organisms in the food web (i.e. −25.1 ‰ for δ 13 C, with a range of −23.5 to −27.3 ‰, and 4.0 ‰ for δ 15 N, with a range of 3.9−4.4 ‰). We assumed stepwise isotope fractionation values, with TLs of 3.4 ‰ for nitrogen and 0.6 ‰ for carbon (Hobson & Welch 1992 , Søreide et al. 2006 ). Based on Søreide et al. (2006) , the TL was then calculated as:
where δ 15 N Org. is the δ 15 N value of a given organism and δ 15 N POM is the TL baseline for the system. δ 13 C values more negative than the baseline of −25.1 ‰ are indicative of the contribution from a 13 C-depleted carbon source (i.e. here considered a chemosynthesis-based source). We used end-member calculations for the isotopic composition of potential food sources to determine the relative contribution of photo synthesis-based carbon vs. CBC at the targeted seeps. The calculations were based on the results from our stable isotope analyses and values from Søreide et al. (2006 Søreide et al. ( , 2008 . Hence, for organisms exhibiting relatively low δ 13 C values, a 2-component mixing equation was used to approximate the fraction (X fraction ) of carbon that originated from the assimilation of CBC originating from the seabed seepage of hydrocarbons versus POM. The following equation was applied:
Here, analogous to Eq. (1), δ 13 C Org. is the δ 13 C value of the biomass of a specific individual organism, and δ 13 C POM (−25.1 ‰) represents the baseline value for a solely photosynthetic carbon source. δ 13 C CBC represents the δ 13 C value of chemosynthetic sources.
Few organisms can directly rely on methane as an energy source i.e. AOM and microbial aerobic methane-oxidation (MOx) mediating communities, wherefore in sediment communities AOM is more important (Reeburgh 2007 ). Given the carbon isotope fractionation (ε) that occurs during AOM (ε ≈ 12−38 ‰) (Holler et al. 2009 ), and the δ 13 C of the methane itself, the AOM-biomass at the investigated seeps (which can be incorporated in the biomass of benthic organisms) will be markedly depleted in 13 C relative to photosynthetically derived carbon sources. Methanotrophs, however, are certainly not the only microorganisms that can incorporate methane-derived carbon. Via AOM coupled to sulfate reduction, hydrogen sulfide (H 2 S) and dissolved inorganic carbon (DIC), CBC becomes bio-available in an ecosystem through SOB (Southward et al. 1986 , Brooks et al. 1987 ). Hence, SOB can function as a carbon bridge between chemical energy sources (in this study, seepage of methane from the seeps) and fauna; and in this way, various organisms inhabiting seeps can benefit from chemosynthesis.
To estimate the contribution of CBC in this study, we used different approaches: firstly, we used the δ 13 C value of methane, δ 13 C = −47 ‰, sampled at the GHM as the key end-member. We also provide calculations using the most negative CBC end-member signal of −85 ‰, i.e. we assume that the CBC is strongly fractionated and of AOM origin (CBC δ 13 C = −47 ‰, ε up to −38 ‰; Holler et al. 2009 ). Finally, we made calculations based on the least depleted CBC end-member, −35 ‰ (i.e. all carbon assumed to be derived from thio trophic symbiotic species, i.e. SOB). Here, we used a combination of known values from the literature for SOB (Southward et al. 1986 , Robinson & Cavanaugh 1995 , Decker & Olu 2012 ) (ranging be tween −27 and −35 ‰). Furthermore, we integrated in our isotope balance considerations the carbon isotopic composition of the siboglinids-reduced sediment, and bacterial mat sediment samples from this study, where we consider input of SOB. These abovementioned estimates result in an average δ 13 C of SOB ~−35 ‰. For our isotope balance model, we as sumed that carbon fixation occurs primarily via the CBB-cycle (Robinson & Cavanaugh 1995 , Hügler & Sievert 2011 . rTCA has been shown to be a more common carbon fixation pathway at vents and is considered a minor contributor to ecosystem carbon fixation in most seep systems (Hügler & Sievert 2011 , Thiel et al. 2012 . Estimates on the CBC (from both AOM and SOB) into investigated taxa is presented in Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ m629 p019 _ supp. pdf.
In addition to assuming that POM derived from the water column is the sole photosynthetic energy source, we applied the same 2-component mixing ap proach (Eq. 2) using a δ 13 C of −20.7 ‰ for sedimentary organic matter (SOM), i.e. δ 13 C SOM instead of δ 13 C POM . This approach allows a refined estimate of the extent to which different benthic organisms have incorporated carbon from chemosynthetic sources relative to SOM (which includes deposited, refractory organic material, and sediment-bound chlorophyll pigments) (Zapata-Hernández et al. 2014 , Alfaro-Lucas et al. 2018 ). If we consider that most of the animals in this study were benthic (i.e. sediment dwelling, deposit feeders or organisms preying on deposit feeders), this approach examines the possible contribution of CBC specifically to the benthos.
In summary, for the end-member calculations (Eq. 2) of potential food sources in the system and to determine the relative contribution of the chemical energy carbon sources at the seeps, we considered the following baseline values for carbon: C POM −25.1 ‰, C SOM −20.7 ‰, C CH4 −47 ‰, C SOB −35 ‰, and C frac.AOM −85 ‰.
Statistical analysis
Diversity indices, including species richness (S), Hurlbert rarefaction index (ES (100) ), evenness (J') and Shannon-Wiener diversity (H' log e ), were calculated based on total faunal abundances (Hurlbert 1971) . We used faunal abundance to create a non-metric multidimensional scaling plot (nMDS) and cluster ana lysis based on the Bray-Curtis similarity matrix. Abundance data were standardized and transformed (single square-root) prior to analysis, in order to control for the effect of large variability among replicates and to balance highly abundant and rarer taxa. ANOSIM was used to test the significance of the cluster results (Clarke & Gorley 2006) .
We calculated Pearson correlation coefficients (r) to de termine individual pairwise relationships between environmental variables and univariate faunal community data using Sigma Plot (v.12.5; Systat Software). Moreover, we used multivariate analysis to demonstrate the influence of environmental variables on overall faunal abundance at any given station, using the statistical computing program R. A canonical correspondence analysis (CCA) with multi variate constrained ordination was run to examine the ordination of station faunal abundance (we in cluded only taxa that contributed to more than 1% of the overall faunal abundance in the entire data set) in relation to standardized environmental variables (Ok sanen et al. 2016). Environmental variables in cluded water depth, salinity, bottom water temperature, and sediment characteristics such as grain size (fraction < 0.63 mm), TOC (%), and ben thic pigments (total concentration of chl a and PhP). In addition, we added total faunal biomass and S as explanatory community parameters.
SIMPER analysis was used to test similarities among taxon abundances between clusters seen in the nMDS plot. The clusters were grouped ac cording to overall region, categorized either as Storfjord or Crater area, with the exception of 5 samples that formed a separate cluster. A refined control of the samples that were grouped for respective regions in cluded samples both from non-seep controls as well as samples collected at the seeps but without clear evidence of strong impact from the seepage (hereafter classified as 'peripheral' seep samples). The latter cluster in the nMDS plot in cluded 5 separate samples that grouped together regardless of region, and we categorized them as 'strong seep in fluence'. These samples were all characterized by high abundance of chemosymbiotic siboglinids and displayed strong impact from the hydrocarbon seepage (i.e. strongly reduced, black and gassy sediments, and presence of carbonate rocks). Furthermore, in the SIMPER analysis, we tested the similarities on faunal abundances between these strong seep-influenced samples and all remaining samples, categorized as 'others' (including peripheral seep samples and non-seep controls). These analyses were conducted with Primer v.6 (Clarke & Gorley 2006).
RESULTS
Community structure and environmental influences
We identified 312 different taxa comprising nearly 40 000 individuals from 10 grab stations and 49 replicate samples in total. The overall average (± SE) faunal abundance was 7936 ± 1172 ind. m −2 , but was highly variable among stations, ranging from 4575− 15 878 ind. m −2 (Fig. 2 , Table 2 (Table 3) . At non-seepage control stations (GHM C, SR 2C, and BR C), M. cf. pygmaea was the most common species, comprising over 30% of total abundance, followed by the polychaete Prinospio cirrifera (Table 3 ). In one re plicate (van Veen grab sample, 0.1 m 2 ) from the GHM 3 seep, we recorded extremely high abundances of siboglinid polychaetes and M. cf. pygmaea (equivalent to 32 120 and 4770 ind. m −2 , respectively). Benthic biomass was highly variable among stations (Table 2 ) (overall mean ± SE = 147.0 ± 30.4 g wet weight [ww] m −2 ), with Polychaeta contributing the most to the overall biomass (56.3%), followed by Mollusca (22.7%). There were trends towards higher faunal abundance and biomass at seeps compared to non-seep control samples; however, these patterns were not statistically significant owing to the high variability of sampled individuals among replicates.
The nMDS and multivariate analysis based on total faunal abundance at the replicate level showed 2 different clusters (R = 0.81, p < 0.001), separated by 36% similarity (Fig. 4a ). One cluster included 5 individual replicates from Stns GHM 3, SR 1, and BR 3, while the second cluster included all remaining replicates both from non-seep paired controls and the peripheral seep replicates, collected at the seeps but lacking obvious signs of strong seep influence (as we de fined in Section 2.4). All replicates in the latter cluster were grouped according to their station and overall sampling location ( Fig. 4a ). Furthermore, there was a distinct regional separation (44% similarity), grouping replicates from Storfjord and Crater area in addition to the separation from the first cluster that in cluded the 5 strong seepinfluenced replicates from Stns GHM 3, SR 1, and BR 3 ( Fig. 4a ). These 3 clusters were significantly different from each other (R = 0.87, p < 0.001). A refined hierarchical cluster analysis and dendrogram including only the non-seep paired controls and the significantly different cluster of strong seep-influenced samples in Fig. 4a further underscores that these 5 replicates from GHM 3, SR 1, and BR 3 were distinctly different with regards to their faunal composition compared to other replicates (Fig. 4b ).
In the CCA, the composite-station (across-stage average) abundance, biomass, and S were plotted against the environmental variables TOC, grain size fraction, temperature, benthic pigments, porosity, salinity, and depth (Fig. 5 ). Three stations (GHM 3, SR 1, and BR 3) were clearly separated from all other stations along the first axis, which explained 48.7% of the variability in the data (CCA I; Fig. 5 ). These stations comprised similar environmental variables and were also grouped by high abundances of siboglinids, high S, and high biomass. The other stations, including both reference non-seep controls and the peripheral seeps, clustered together; however, these stations were also separated by overall main region, either belonging to Storfjord or Crater area along the second axis (CCA II; Fig. 5 Crater area stations differed from Storfjord stations primarily in terms of environmental variables, such as depth and sediment characteristics. The outcome from statistical pairwise Pearson's correlation coefficients between selected environmental variables (TOC, grain size fraction, temperature, benthic pigments, porosity, salinity, and depth) and faunal parameters (abundance, biomass, S, and J') showed no significant correlations. A SIMPER analysis on replicate faunal abundances between the clustered replicates ( Fig. 4a ) which separated the 2 regions (Storfjord and Crater area) showed a 56.3% dissimilarity in faunal community composition. Three polychaete species, Spio chae to pterus typicus, P. cirrifera, and Galta tho wenia ocuelata, explained most of this difference. This pattern was also observed on the CCA plot (Fig. 5) , where stations in the Crater area formed a cluster aligned with high abundances of S. typicus, whereas Storfjord stations clustered along high abundances of P. cirrifera and G. ocuelata. A similar SIMPER comparison of faunal abundances be tween samples from Stns GHM 3, SR 1, and BR 3 (which included the strong seep influence samples) to the remaining stations and samples in the 'others' category showed a 64.5% overall dissimilarity. Here, the siboglinid polychaetes explained the largest difference in faunal community composition between these 2 groups (10.2%).
In addition to the samples collected for the regional analysis (above), the ROV blade core at GHM 3 allowed for detailed characterization of the faunal composition inside one of the siboglinid worm fields located in the immediate vicinity of a methane gas flare at the GHMs (Tables 2 & 3) . The blade core sample displayed by far the highest total faunal abundance (21 833 ind. m −2 ) and biomass (654 g ww m −2 ) in this study ( Table 2 ). The blade core contained high abundances of the chemosymbiotic siboglinids and M. cf. pygmaea bivalves, with densities of 7676 and 2500 ind. m −2 , respectively. Overall, these 2 taxa alone contributed 35.1 and 11.5%, respectively, to the total faunal abundance in the core (Table 3) .
Stable isotope composition (δ 13 C and δ 15 N)
δ 13 C ratios among the studied taxa (Table 4) Total: 65.9 Table 3 . Density of the top 10 most common taxa and their relative contribution to total faunal abundance; see Table 1 for station abbreviations. (A) GHM 3 blade core from a worm tuft of chemosymbiotic frenulates, (B) 'strong seep-influenced' Stns GHM 3, SR 1, and BR 3, (C) non-seep control Stns GHM C, SR 2C and BR C source of carbon (Hobson & Welch 1992 , Søreide et al. 2006 . The food web baseline δ 13 C-values of photosynthetically derived POM from the water column ranged from −27.3 to −25.2 ‰, while SOM, at sites without indication of microbial mats, reduced sediment patches, or free gas emissions, showed a baseline between −21.3 and −20.5 ‰. A few sediment samples showed different δ 13 C values than the SOM baseline. For example, sediments collected with the ROV blade core underneath a filamentous bacterial mat exhibited a low δ 13 C signal (−25.3 ‰) compared to sediment collected at a non-seep reference control (−20.5 ‰) (Table 4 ). Despite the distinct (i.e. low) δ 13 C-signature, sediment from the bacterial mat displayed δ 15 N values that were not markedly different from other sediment samples (4.3 vs. 4.7 ‰, re -spectively). The lowest (most negative) δ 13 C and δ 15 N signatures were recorded for dark-colored and re duced sediment patches (δ 13 C = −34.5 ‰; δ 15 N = 3.3 ‰). Sediment samples collected from seeps without visual evidence of bacterial mats or reduced conditions displayed δ 13 C and δ 15 N signals similar to the control non-seep samples (δ 13 C = −20.6 to −20.9 ‰; δ 15 N = 4.4−4.6 ‰).
The TL baseline, according to Eq. (1), was represented by δ 15 N values from POM sources of ~4 ‰ (Fig. 6, Table 4 ). Moving up the food web, first-order consumers of photosynthetically produced organic carbon (i.e. primarily grazers at TL = 2.0) were Onisi mus sp. amphipods (δ 13 C = −21.5 ‰, δ 15 N = 7.5 ‰; TL = 2.0), a gastropod, Hyalogyrina sp. (δ 13 C = −23.8 ‰, δ 15 N = 8.3 ‰; TL = 2.3), and one unidentified species of krill (Euphasidae) (δ 13 C = −23.2 ‰, δ 15 N = 8.9 ‰; TL = 2.4) ( Table 4 ). In addition, a few holo thurians (e.g. Molpadia borealis) exhibited low δ 15 N values that are typical for grazers, yet altogether, we observed a relatively wide range of δ 15 N values among individual holothurians (δ 15 N = 5.8−11.3 ‰; mean TL = 2.7). Most of the taxa in this survey can be considered 2 nd or 3 rd order benthic consumers at a TL~3−4, i.e. typical deposit feeders/ detrivores, predators, and/ or scavengers. The starfish S. endeca (δ 13 C = −16.2 ‰, δ 15 N = 14.2 ‰; TL = 4.0) and the amphipod Epimeria loricata (δ 13 C = −19.8 ‰, δ 15 N = 14.4 ‰; TL = 4.1) were the top predators we collected.
Siboglinid worms had distinctly low δ 13 C signatures (δ 13 C = −38.2, to −47.1 ‰; Table 4 , Fig. 6 ) in accordance with a chemosynthesis-based lifestyle. The siboglinid samples also exhibited the lowest δ 15 N values among the secondary producers, ranging between −3.6 and 4.5 ‰.
Three different species of predatory/omnivorous and non-chemosymbiotic polychaetes exhibited relatively low δ 13 C values compared to the other heterotrophic organisms investigated in this survey (not including the chemosymbiotic siboglinids). Individuals of the carnivorous/omnivorous polychaetes Nephtys sp. and Scoletoma fragilis, as well as the de posit feeder Ophelina acuminata (Fauchald & We also observed a large intraspecies variability in the δ 13 C signatures among these taxa. Individual samples of nephtyids collected within the same location (BR) exhibited a range of almost 15 ‰ between extremes (δ 13 C = −31.8 vs. −17.0 ‰). Similarly, nephtyids from SR as well as the lumbrinerid S. fragilis collected from the GHM seeps exhibited large intra-species differences of up tõ 10 ‰ (e.g. δ 13 C = −25.5 vs. −16.8 ‰ for nephtyids; δ 13 C = −29.1 vs. −18.9 ‰ for S. fragilis) between extreme samples. Among the other taxa, no such large variations were observed. Only the deposit feeding starfish Ctenodiscus crispatus displayed a somewhat elevated variability in its isotopic composition (δ 13 C = −22.4 vs. −16.6 ‰).
The results from the 2-component mixing calculations using C POM and C CBC as end-members for photo synthetic vs. chemosynthetic (here de fined as biosynthesis based on methane) primary production sources at the cold seeps indicated that tissues from some invertebrates (not only chemosymbiotic sibo glinids) reflected carbon from chemical energy sources to varying degrees. We found individuals among the nephtyids, lumbrinerids, and O. acuminata with comparatively low δ 13 C signatures. Further more, the calculated fraction of incorporated CBC varied between 1.8 and 28.7% of their total carbon intake (Table 4 ). Using the higher δ 13 C based on SOM instead of POM (i.e. −20.7 vs. −25.1 ‰) as a primary photosynthetic carbon source signature for the end-member calculations yields an even larger contribution of CBC for these polychaetes (18.3−40.7%). Moreover, when we applied δ 13 C SOM as the photosynthetic end-member source, the carbon isotope balance calculations indicated that several other taxa, in addition to the siboglinids and the abovementioned heterotrophic polychaetes, incorporate chemosynthesized carbon to some extent (between 1.1 and 11.8%; Table 4 ). For the alternative ap proaches including SOB (δ 13 C = −35 ‰) and the low carbon isotope signature for methane-derived carbon (δ 13 C = −85 ‰) in the 2-component mixing model respectively, we calculated a maximum contribution of CBC ranging between 10.5 and 74.8% to the heterotrophic benthic community (Table S1, Fig. S1 ).
DISCUSSION
We found high benthic biomass and high faunal abundances at seep sites, despite large intra-station variability. ROV-guided benthic sampling among chemosymbiotic worm tufts within the seeps additionally revealed high population density of macroorganisms, including high overall abundances of chemosymbiotic siboglinid worms and Mendicula cf. pygmaea bivalves. We documented a complex and variable benthic seascape at seeps where habitat heterogeneity was elevated across multiple spatial scales by the presence of both biological and geological seep-associated features (microbial mats, tufts of chemosymbiotic tubeworms, and methane-derived 31 Fig. 5 . Canonical correspondence analysis (CCA) based on station abundances of taxa contributing to more than 1% of the overall total faunal abundance in the survey, ordinated with standardized environmental variables: salinity, porosity, total benthic pigments, water depth, pelite fraction (< 0.63 µm), temperature, and total organic carbon in combination with aggregated station species richness and biomass. See Table 1 authigneic carbonates), which we suggest leads to macro-and megafauna as well as smaller organisms aggregating around the seeps (Figs. 3 & 7) . Furthermore, we demonstrated that carbon derived from chemical energy sources originating from seeping methane in the Barents Sea is incorporated into the macrofaunal food web. We found 3 different species of heterotrophic worms from active cold seeps that possess low δ 13 C signatures in comparison to other individuals within the same taxa from this study ( Table 4 . Mean (± SD) δ 13 C and δ 15 N of benthic organisms at the study sites (see Table 1 for location abbreviations in the 'Sample' column). n: number of individual samples; TL: calculated trophic level; F: potential contribution of chemosynthetically derived carbon in relation to photosynthetic carbon sources from particulate organic matter (POM) or sedimentary organic matter (SOM) using the methane end-member (C CH4 −47 ‰). N/A: not applicable their diet. These results highlight the in corporation of CBC in heterotrophic, non-chemosymbiotic taxa, complementing the photosynthetic carbon sources generally used by these benthic orga nisms (e.g. Decker & Olu 2012 , Zapata-Hernández et al. 2014 ).
Cold seep community structure and regional differences
Our results show that chemosymbiotic siboglinids represent key organisms and are highly abundant at cold seeps in the Barents Sea together with the thyasirid bivalve M. cf. pygmaea. Siboglinids dominated the species abundance at the methane seep sites. The mean density of GHM worm tufts was ~7000 m −2 and where they mass-occurred forming tuft-aggregations, they contributed the most to the total polychaete biomass. Overall, we noted a tendency towards higher faunal abundance (up to ~1.5−2.5× higher) and biomass (~2.5−3.5× higher) at seep stations compared to the control non-seep stations ( Table 2 ). Yet the relationship was not statistically significant because of the high variability among the replicates and stations.
We observed a considerably higher total benthic abundance (mean = 7936 vs. 4340 ind. m −2 ) and biomass (147.0 vs. 65.5 g ww m −2 ) in this study com-pared to nearby Barents Sea stations at similar depths in areas without seafloor methane seepage, as investigated by using identical sampling procedures. At Stn GHM 3, a particularly high faunal abundance and biomass was observed, not only with respect to individual stations without seepage in the Barents Sea , Cochrane et al. 2012 , but also in comparison to much shallower stations (including seep sites) on the western Svalbard shelf (Åström et al. 2016 ). The single blade core replicate at GHM 3 bl (Tables 1 & 2) from one of the siboglinid worm tufts displayed by far the highest faunal abundance (21 833 ind. m −2 ) and biomass (654 g ww m −2 ). This sample would have been difficult to obtain without the video-guided ROV system used here, which provided a unique view into the macroinfaunal community in the tuft where the top 3 most abundant species account for more than 50% of the total abundance (Table 3) . Similarly, at 3 grab stations (GHM 3, SR 1, and BR 3), siboglinids and M. cf. pygmaea bivalves dominated the faunal abundance (43.7 and 12.5%, respectively) and these 2 species contributed to over 50% of the total faunal abundances at these stations (Table 3) . Moreover, M. cf. pygmaea bivalves were also prominent at the control non-seepage stations, with average density of 2125 ind. m −2 , contributing to 30.5% of the total faunal abundance at these reference sites.
The small (mm-sized) thyasirid bivalve M. cf. pygmaea was the most abundant taxa across all stations. It was abundant both at cold seeps and non-seep control stations. In general, thyasirids are known to be abundant in highly reduced habitats, such as seep habitats and organic-rich sediments (Taylor & Glover 2010) ; however, the high abundances of M. cf. pygmaea across all stations in this study is not readily explained. Low δ 13 C signature in bivalve tissue has been recognized for many thyasirid species (Dando & Spiro 1993 , Dufour 2005 ), suggesting uptake of CBC. Yet this does not necessarily imply a fully chemosymbiotic lifestyle for all species, as Family Thyasiridae includes species with a wide range of different dietary adaptations, from microbial syntrophy and chemosymbiosis to mixotrophy and heterotrophy (Dando & Spiro 1993 , Dufour 2005 , Taylor & Glover 2010 . To date, there are no studies that provide direct evidence that M. cf. pygmaea is associated with chemosymbionts for nutritional dependence (Oliver & Killeen 2002 , Dufour 2005 , Taylor & Glover 2010 . We were unfortunately unable to analyze M. cf. pygmaea tissues specifically for δ 13 C and δ 15 N, despite their high abundances. The samples in which M. cf. pygmaea were found were contaminated with Fig. 6 . Simplified bi-plot of δ 13 C and δ 14 N values of selected organisms as well as sediment and particulate organic matter (SOM and POM) in the Barents Sea. Vertical and horizontal error bars: ± SD. Vertical axis to the right indicates calculated trophic levels from Table 4 formaldehyde and buffering reagents as they were assigned for community analysis before species identification was undertaken. Thus, we can only speculate as to whether these thyasirids were able to incorporate chemosynthesized carbon and use CBC as an energy source (Oliver & Killeen 2002 , Dufour 2005 .
The marked association of high abundances of M. cf. pygmaea with the seeps suggests, however, that they may also benefit directly or indirectly from the reduced seep habitat, similar to many other thyasirid species.
The nMDS plot and cluster analysis (Fig. 4a,b) revealed high variability in faunal community structure at the seeps over relatively small spatial scales (i.e. grab samples). Moreover, variability in community structure and environmental conditions were observed between stations over larger scales (regionally) in the CCA (Fig. 5 ). Our observations support the pattern that cold seeps are commonly characterized by high macrofaunal abundances and biomass (Gebruk et al. 2003 , Bowden et al. 2013 , Sen et al. 2018a ) and are inhabited by distinct faunal communities (Sibuet & Olu 1998 , Bergquist et al. 2005 , Levin 2005 ). In the Bray-Curtis similarity analysis and the nMDS plot (Fig. 4a) , 5 individual replicates were significantly different with respect to community structure when compared to the rest of the samples in this study, regardless of where they were sampled (SR, BR, or GHM). The other peripheral seep samples (not including the abovementioned 5 replicates) clustered with the paired controls (non-seep stations and replicates), and were clearly separated (44% similarity) by region (i.e. Storfjord or Crater area) (Fig. 4a ). These regional differences in overall faunal community structure were driven mostly by variations in abundance among the taxa Spiochaetopterus typicus (Crater area) and Prionospio cirrifera and Gala thowenia oculata (Storfjord), as tested by SIMPER. These results demonstrate that the typical faunal characteristics that appear to be intrinsic to stations with a strong seep influence override the regionally constrained faunal characteristics within the Barents Sea. The seep-specific faunal characteristics, however, are not pervasive enough to override largerscale oceanographic regional differences in the faunal community between the West Svalbard shelf and the Barents Sea, as demonstrated in Åström et al. (2016) . Moreover, the CCA analysis supports these findings and observed patterns (Fig. 5 ). It highlights 3 stations (GHM 3, BR 3, and SR 1) that are distinct from the rest along the x-axis (CCA I), regardless of region. The rest of the stations clustered together based on region (as either Storfjord or Crater area), and diverged along the y-axis (CCA II). Storfjord stations are influenced to a larger extent by relatively high concentrations of sediment-bound chlorophyll pigments and water column depth (Fig. 5) , a somewhat counterintuitive result since sediment pigment concentrations are expected to de crease with depth (Gage & Tyler 1991 , Renaud et al. 2008 . We explain this pattern by the location of the 2 main regions and the relatively small differences in depth (Storfjord: 350−380 m; Crater area: ~330 m) (Loeng 1991) . Stations at the Crater area, located in the central Barents Sea, are less influenced by the North Atlantic Current (NAC) regime, and are more distant from coastline and nutrient fluvial transport from land which could result in less pronounced surface productivity, offsetting a systematic depth-to-chl a concentration relationship between these stations.
The separation of the 3 disconnected stations (GHM 3, BR 3, and SR 1) along the x-axis was mainly driven by differences in S, biomass, abundance of the siboglinids, and, to a lesser extent, temperature. Even though this analysis was based on composite stations reflecting a broader spatial scale, it further confirms that the ecological impacts of gas seepage seem to override regional difference.
In summary, our comparative analysis, both with regards to individual samples (Fig. 4a,b ) and among stations (Fig. 5) , underlines that the characteristic benthic community shaped by the influence from seafloor seepage overrides faunal and biogeographical aspects within the Barents Sea. This implies that strong seep-influenced samples collected at cold seeps more than 300 km away from each other are more similar with regards to community characteristics than seep samples categorized as peripheral, collected just a few meters away. Such similarities, however, are not shared between Western Svalbard and the Barents Sea where, as documented in Åström et al. (2016), regional large-scale oceanographic differences override benthic community patterns at the cold seeps.
Seep-associated food webs: carbon sources and trophic structure
The lowest δ 13 C signatures in this study (−38.3 and −47.1 ‰) were recorded for chemosymbiotic worms (frenulate siboglinids). These values are between 20 and 30 ‰ lighter than the δ 13 C composition of other organisms tested in this study, which likely rely mainly on POM/SOM carbon sources. Siboglinids represent a family of polychaetes commonly associ-ated with hydrothermal vents, cold seeps, organic falls, or other reduced habitats. Adult siboglinids (Frenu lata) lack a digestive tract and obtain most of their nutrition from thiotrophy or methanotrophy through endosymbiotic bacteria housed in a specialized organ called the trophosome (Southward et al. 1986 , Schmaljohann et al. 1990 , Rodrigues et al. 2011 . Our stable isotope measurements clearly reflect this symbiotic lifestyle (Table 4 , Fig. 6 ) (Southward et al. 1986) .
With respect to Arctic siboglinids, published δ 13 C signatures from Oligobrachia frenulates suggest the involvement of methanotrophic symbionts because of the characteristically low δ 13 C signatures observed among them (~−50 to −62 ‰; Gebruk et al. 2003 , Decker & Olu 2012 , Paull et al. 2015 . Furthermore, Savvichev et al. (2018) observed methanotrophs in Oligobrachia frenualtes from the Laptev Sea in transmission electron microscope (TEM) images. Other studies targeting the symbionts of these animals were, however, more equivocal. Unlike Savvichev et al. (2018) , Lösekann et al. (2008) and Sen et al. (2018b) only observed SOB in TEM images of Oligo brachia haakonmosbiensis from HMMV, and in Oligo brachia sp. CPL-clade from GHM and the Crater area, respectively. Additionally, they were un able to amplify sequences for enzymes associated with methane oxidation, although they were able to amplify sequences associated with sulfur oxidation. In both these studies and species, bacterial 16S rRNA sequencing from trophosome tissue revealed the presence of a group of bacteria whose relationship to sulfur-and methaneoxidizing symbionts could not be determined but whose closest cultivated relative is a facultative sulfur oxidizer (Lösekann et al. 2008 , Sen et al. 2018b ). The reason for such an apparent discrepancy between indirect evidence by isotopic signatures and observable endosymbionts could be related to the worms' uptake of DIC that is ultimately derived from AOM. The DIC at these seeps display a 13 C-depleted signature and its uptake could account for the lower δ 13 C signature of worm tissue than would be expected from a sulfidebased lifestyle (Löse kann et al. 2008) . Indeed, Sen et al. (2019) found that O. haakonmosbiensis worms from a North Atlantic seep-site (Lofoten) displayed δ 13 C signatures that were similar to those of carbonate outcrops around them, suggesting that worms and carbonates alike build in 13 C-depleted inorganic carbon from the same sedimentary carbon pool. Frenulates are also known to supplement their symbiontderived nutrition with uptake of sediment organic molecules (Dando et al. 2008 ). If organic carbon in the sediment at these seep sites is already 13 C-depleted, their up take could serve as an additional potential explanation for the low δ 13 C values observed among Oligo brachia frenulates (Lösekann et al. 2008) .
Interestingly, the bulk δ 13 C signatures we observed in this study were higher than all previously published values for frenulate siboglinids (Oligobrachia spp.) from high-latitude seeps: we measured −38.3 ‰ at BR and −47.1 ‰ at SR, in comparison to −51.1 to −56.1 ‰ measured at HMMV (Gebruk et al. 2003) , −62.1 ‰ from the Storegga seeps (Decker & Olu 2012) , −52.1 ‰ at the North Atlantic Lofoten seep site (Sen et al. 2019) , and −55.0 ‰ in the Beaufort Sea (Paull et al. 2015) . The carbon isotopic differences may be species-related or may be due to different environmental conditions and sedimentological regimes, or both. O. haakonmosbiensis has been identified as the frenulate species being present at both HMMV and the Lofoten seep-site (Lösekann et al. 2008 , Sen et al. 2019 . From frenulates sampled in the Beaufort Sea, Paull et al. (2015) reported 97% similarity with O. haakonmosbiensis based on cyto chrome c oxidase subunit I (COI) mitochondrial DNA sequences, and Decker & Olu (2012) described the frenulates at Storegga seeps as O. cf. haakon mosbiensis. Sen et al. (2018b) described a cryptic Oligobrachia species (CPL-clade) occurring in the Barents Sea and the Laptev Sea. We could not identify siboglinids (frenulates) collected in this study to species level; however, Oligobrachia was also ob served ( Fig. 3B) , likely belonging to the Oligo brachia sp. CPL-clade (Sen et al. 2018b) . Therefore, the differences between values we obtained in this study and those published in other studies could be due to different species being targeted. This itself suggests that Oligobrachia species might differ in their symbiotic partnerships and endobacterial populations or consortia: differing extents of reliance on one type of reduced chemical versus another could lead to varying carbon isotopic signatures across different species (Rodrigues et al. 2011 , Sen et al. 2018b . Alternatively, if sediment DIC and organic matter uptake strongly influences the carbon isotopic signature of Arctic seep siboglinids, as discussed above, another explanation for the marked difference between our and previous isotopic results could be that different environmental/sedimentological conditions exists, and that different inorganic carbon sources are prevalent at these high-latitude seeps. Such variability would almost certainly manifest itself in diverse carbon isotope compositions in resident Oligobrachia worms. Indeed, the differences we observed be tween the BR and SR regions, which supposedly host the same Oligobrachia species (Sen et al. 2018b) , suggests that local environmental conditions might constrain the carbon isotopic signatures of Arctic seep Oligobrachia worms. Taken together, these results and observations highlight the paucity of studies and lack of knowledge with regards to the species composition and ecology of high-latitude siboglinids.
While hosting microbial endosymbionts is a strategy that makes direct use of reduced substances in seep-associated sediments, another strategy employed by seep organisms relies on benefitting indirectly from chemosynthetic food production through microbial grazing. This feeding strategy has been observed at hydrothermal vents, cold seeps, and whale falls, and is typically performed by organisms such as gastropods, crustaceans, and polychaetes (e.g. Van Dover & Fry 1989 , Braby et al. 2007 , Niemann et al. 2013 . In a ROV core sample from the Crater area, a number of mm-sized gastropods identified as Hyalogy rina sp. (A. Warén pers. comm.) were recovered from microbial mats (Fig. 7G ). The Hyalogyrina genus has been observed at vents, cold seeps, and other reducing habitats where they are usually associated with microbial mats (Braby et al. 2007 , Guillon et al. 2017 . Their high densities among microbial mats suggest that Hyalogyrina gastropods are microbial grazers, which has been reported from other seeps (Guillon et al. 2017 ). The Hyalogyrina from our analysis displayed signatures of δ 13 C = −23.8 ‰ and δ 15 N = 8.6 ‰. This δ 13 C value is relatively high in comparison with other suggested microbe-grazing gastropods, for example rissoids from the HMMV which displayed δ 13 C values as low as −46.6 ‰ in microbial mats and −40.2 ‰ in the adjacent sediment (Decker & Olu 2012) . Our reported δ 13 C and δ 15 N values for Hyalogyrina, in relation to the signatures from the sediment where it was found (δ 13 C = −25.3 ‰ and δ 15 N = 4.3 ‰; Table 4 ) and its calculated TL of 2.3, however, suggest that Hyalogyrina is a first-order consumer that is likely grazing the sediments around the microbial mats. Furthermore, the output from the end-member mixing calculation (Eq. 2) revealed partial input of CBC to Hyalogyrina gastropods (4.8−21.7%; Tables 4 & S1). These results, along with our ROV observations of Hyalogyrina aggregations in the reduced sediment and at the microbial mats, suggest that the gastropods partly carry out microbial grazing.
A few predatory polychaetes exhibited large intraspecies variability with regards to the putative assimilated carbon sources (Fig. 6, Table 4 ). The observed range of δ 13 C values for Nephtys sp. was −16.8 to −31.4 ‰, and that of Scoletoma fragilis similarly varied between −18.6 and −29.1 ‰. These stable isotope signatures suggest a large niche width and/or an opportunistic diet. Furthermore, the signatures suggest that the polychaetes have a wide range of preferred prey with variable δ 13 C signatures, feeding partly upon organisms that directly assimilate CBC. Alternatively, the predatory polychaetes prey on organisms that use carbon that has been originally produced chemolithotrophically and shunted between organisms within the benthic food web. Our results from the end-member mixing calculation (Eq. 2), assuming input sources of POM (−25.1 ‰) and CBC (based on methane δ 13 C = −47.0 ‰), suggest that some polychaetes (i.e. polychaetes with the lowest δ 13 C) derive up to nearly 30% of their carbon diet from chemical energy sources (total range between 1.8 and 28.7%). Considering that none of these polychaetes are 'seep-endemic ' (Bergquist et al. 2005 , Levin et al. 2016 or known to form symbiotic associations with microbes that can utilize methane or sulfide, such an input of CBC is somewhat surprising, although still realistic considering the lifestyle of these worms (i.e. motile predators and omnivorous feeders). Further studies are necessary to assess the modes by which they incorporate CBC in their diets: whether they prey on animals that are directly associated with microbial symbionts, consume prey that grazes on mats of methanotrophic/sulfide-oxidizing microbes, or whether their prey acquires a low δ 13 C isotope signature indirectly by incorporating chemosynthesized carbon that has been recycled within the microbial loop. Our estimates of the contribution of chemosynthesized carbon originating from cold seeps vs. photosynthetically derived carbon from the water column (i.e. POM) must be considered conservative. SOM (with a higher δ 13 C than POM) is probably the most utilized photosynthetic carbon source for shelf benthos. Using SOM as the photosynthetic end-member in the model yields contributions of 18.3− 40.7% of CBC into these non-chemosymbiotic polychaetes (Table 4) .
In a first attempt to more quantitatively assess the incorporation of seep-derived carbon (i.e. CBC) into the benthic community, we used the isotopic signature of methane from the GHM site (δ 13 C = −47.0 ‰) as the primary end-member for δ 13 C balance calculations (Table 4 ). By alternatively using end-member δ 13 C values for SOB (−35 ‰) and fractionated AOM sources (−85‰), we take into account the whole potential range of different carbon substrates and acknowledge the uncertainty of the true end-member δ 13 C, leading to a broader range of estimates on the incorporation of CBC to the heterotrophic taxa be tween 10.5 and 74.8% for the most extreme samples (Table S1 ). Our analysis revealed that taxa with low δ 13 C values partially incorporate CBC regardless of the modeled scenarios using different end-member carbon sources (Tables 4 & S1 ).
Our stable isotope analyses overlapped only partially with all taxa included in the community structure analysis. We did not sample smaller macroorganisms or meiofauna and we examined the stable Hyalogyrina sp. snails were recovered from the mat. Scale bar: 20 cm isotopic composition only for a few first-order consumers, top predators, and vertebrates. Potential inter mediate food chain links between the obligate chemosymbiotic siboglinids, chemoautotrophic consumers, and associated organisms occupying the worm tufts may therefore have been overlooked in the constructed food web (Figs. 6 & S1, Tables 4  & S1 ). Nevertheless, all our results support the conclusion that CBC originating from seeps contributes to the nutrition of the Barents Sea cold seep fauna over a whole range of taxonomic groups, and well beyond the chemo sym bi otic siboglinids.
Cold seep heterogeneity: habitat variability for benthic fauna
The cold seeps we investigated displayed high abundance and biomass compared to habitats in the Barents Sea where cold seeps are absent , Cochrane et al. 2012 ). Furthermore, the seeps in this study (SR, GHM, and BR) displayed a high degree of within-station seafloor heterogeneity (Fig. 7) , both in terms of biological and geological/ structural features. Seafloor methane seepage is typically associated with strong biogeochemical gradients (Gebruk et al. 2003 , Bergquist et al. 2005 , Sen et al. 2018a in the sediment which leads to small-scale habitat heterogeneity, for example by creating carbonate precipitate layers, and supporting microbial mats and aggregations of chemosymbiotic fauna. ROV and photo transects conducted over Storfjord and Crater area seeps revealed mosaics with distinct patches of microbial mats and tufts of siboglinids (Fig. 7) . Such localized zonation patterns have also been recognized at other cold seeps (Bergquist et al. 2005 , Decker & Olu 2012 , Bowden et al. 2013 ) and once more underscore the importance of 'visual' sampling (i.e. ROV or cameraguided grabs and cores). Using such combinations of equipment and visual tools at the seeps will certainly lead to a better ecological understanding of the communities at these multifaceted habitats (Jørgensen et al. 2011 , Bicknell et al. 2016 . Our observations of worm tufts forming distinct zones on the seabed is likely controlled by the siboglinids' preference for a habitat with access to optimal sulfide concentrations and/ or sulfide fluxes (Sahling et al. 2003 , Dando et al. 2008 , Sen et al. 2018a ). Siboglinids (Frenulata) are thin (<1 mm in diameter), although they can reach considerable length (50− 60 cm) and build chitinous tubes that ex tend several 10s of cm into the sediment. These tubes protrude a few cm from the seabed, creating mats or tuft-like structures on the seafloor (Fig. 7B,E) , and in this way, the worm tufts add small-scale 3D heterogeneity to the seep habitat. Within tuft samples, we found many small benthic organisms using the tubes as substrate (e.g. caprellid amphipods, mollusks, and polychaetes) and ROV video images re vealed aggregations of shrimps and amphi pods within the worm tufts. Moreover, several siboglinid tubes were covered with epibenthic fora minifera (e.g. Cibicidoides) and overgrown by filamentous bacteria, patterns that are known from other seeps (Levin 2005 , Sen et al. 2018b (Figs. 3 & 7B,G) . Even though siboglinids within the clade Frenulata are small in comparison to other siboglinids (Vestamentifera) inhabiting seeps, such as Lamellibrachia and Escarpia, they function as important ecosystem engineers, providing substrate and re sources for micro-and meiobenthos, as observed in this study. They are also likely to influence the seabed geochemistry by enhancing the turnover rates of biogeochemical processes through the up take and release of oxygen, sulfide, and other compounds in the sediment and overlying water (Freytag et al. 2001 , Dando et al. 2008 , Sen et al. 2019 .
In addition to the small benthic invertebrates utilizing the substrate of the worm tubes, we observed larger megafauna such as pycnogonids, amphipods, and gastropods, as well as various fishes aggregating around these tufts. In ROV videos and tow-camera images from the 3 cold seep locations (SR, GHM, and BR), abundant megafauna appeared in close vicinity to siboglinid worm-tufts, microbial mats, and/or around the carbonate outcrops. Similar observations were documented in Åström et al. (2018) and Sen et al. (2018a) , who reported increased biodiversity and high abundance of epifaunal megafauna around carbonate outcrops at Arctic cold seeps compared to adjacent areas without carbonate outcrops. The variability in the seafloor relief provided by carbonate outcrops and other hard surfaces at the seeps (Fig. 7A ,C,D,F) could lead to megafaunal accu mulations similar to those observed at reefs or other complex seabed structures that can provide ample substrate and protection against predators in predominantly soft-bottom habitats (e.g. Jensen et al. 1992 , Meyer et al. 2014 . In conclusion, the nature of the multi-faceted and heterogeneous habitat at cold seeps allows organisms to exploit a multitude of niches within these habitats on various spatial scales, where carbonate rock formations and worm tufts provide 3D structure for meio-, macro-, and megafauna ( Figs. 3 & 7) .
Arctic cold seep fauna
A large portion of the biomass at cold seeps is composed of 'background' heterotrophic fauna (also reported in Sen et al. 2018a) . We did not observed the dense fields of obligate chemosymbiotic organisms and typical seep fauna (e.g. large-bodied mussels, vesicomyid bivalves, and vestimentiferan worms) that are known from other seep ecosystems mostly in lower latitude regions (e.g. Sibuet & Olu 1998 , Bergquist et al. 2005 , Levin et al. 2016 . Siboglinids were the only chemosymbiotic taxa, together with a few possible chemosymbiotic thyasirids (i.e. Thyasira gouldi), that we were able to collect. This is in line with previous observations of few living chemosymbiotic cold seep taxa at other high-Arctic seeps (e.g. Decker & Olu 2012 , Paull et al. 2015 , Åström et al. 2017 . Similarly, there have been only a few observations of chemosymbiotic fauna at Arctic hydrothermal vents along the mid-Atlantic ridge (Schander et al. 2010 , Sweetman et al. 2013 . Therefore, it appears that at both Arctic seeps and vents, the majority of the faunal community is composed of 'background' orga nisms, and true specialists (i.e. chemosymbiotic species and heterotrophic taxa specialized for chemosyn thesis) are missing (Sweetman et al. 2013 , Åström et al. 2017 , Sen et al. 2018a .
Despite the presence of few chemosymbiotic organisms at the investigated cold seeps, we re corded 3 different morphotypes of siboglinids (Frenu lata). Possibly, these are Oligobrachia (likely CPL-clade [Sen et al. 2018b] , Diplobrachia sp., and Polybrachia sp.; Fig. 3 ). The genus Oligobrachia has been observed at all other Arctic and North Atlantic seep sites studied to date (e.g. Gebruk et al. 2003 , Savvichev et al. 2018 , Sen et al. 2018b and is hypothesized to be the most widespread siboglinid among seeps on the Arctic shelf. The presence/absence of specific extant frenulate species is likely influenced by environmental characteristics such as substrate, depth, and concentrations and fluxes of sulfide/ methane in the sediment (Southward et al. 1986 , Dando et al. 2008 , Sen et al. 2018a ). The scarcity of chemosymbiotic cold seep taxa at the Arctic shelf seeps could also be limited by depth, cold bottom water temperatures, and dispersal barriers to norther ly latitudes. For example, it has been suggested that a low abundance and diversity of symbiont-bearing species at shelf seeps is linked to the shallow water depth of these habitats (Schmaljohann et al. 1990 , Sibuet & Olu 1998 , Sahling et al. 2003 . Species that are present at shallower seeps are less likely to be seep-obligate ('seep-endemic') (Berg quist et al. 2005 , Dando 2010 , Levin et al. 2016 ) be cause a shallow depth usually im plies a higher input of photosynthetic organic material from surface primary production, thereby mitigating the competitive advantage of relying on chemosynthesis (Sahling et al. 2003 , Tarasov et al. 2005 . Moreover, it has also been proposed that high levels of competition and predation at shallow depths may largely preclude chemosynthetic fauna from these habitats (Sahling et al. 2003) . Another hypothesis is linked to the dispersal by chemosymbiotic fauna to the Arctic and limitations because of consistent sub-zero bottom water temperatures, which has been suggested to have shaped deep-sea chemosymbiotic bivalve communities since the LGM and during the Holo cene (Ambrose et al. 2015 , Hansen et al. 2017 . This is, however, less likely at the shallower shelf seeps we studied because the bottom water temperatures are comparatively warm due to the inflow of relatively warm water to the SW Barents Sea from the NAC (Loeng 1991) . Our results revealed that most of the organisms colonizing the Barents Sea cold seeps are non-chemosymbiotic, heterotrophic macrofauna forming a distinct faunal community structure, characterized by only a few taxa. The cold seeps we studied were located at comparatively shallow water depths (< 400 m) in contrast to many other well-studied cold seep systems worldwide (Sibuet & Olu 1998 , Vanreusel et al. 2009 , Levin et al. 2016 ). This shallow depth could possibly explain the high subset of heterotrophic 'background species' colonizing these seeps, exploiting a wide variety of habitat and food resources. Still, there is a gap in our knowledge regarding the trophic interactions among fauna inhabiting the Barents Sea seeps, and whether autochthonous chemical energy sources are utilized by a wider background benthic community remains uncertain. Here, we have provided the first insights into the interplay between different fauna and carbon sources at these shelf cold seeps, and demonstrated that at least for some selected heterotrophic taxa, CBC plays a significant role in their diets.
SUMMARY
We have demonstrated that highly localized methane seepage and environmental gradients at cold seeps drive strong community-level effects that override regionally constrained faunal characteristics in the Barents Sea. We reported overall high faunal abundance and biomass at the seeps despite high variability among individual samples. Chemosymbiotic siboglinid worms along with small thyasirids (Mendicula cf. pygmaea) were the 2 most dominant and characteristic taxa at the investigated seeps.
We documented low δ 13 C signatures in obligate chemo symbiotic siboglinids as well as in 3 species of heterotrophic polychaetes, which clearly indicates the input of CBC in their diets. Our results further demonstrate that other heterotrophic invertebrates at these seeps may partially incorporate CBC indirectly.
Moreover, we observed aggregations of macroand megafauna around characteristic seep features (chemosymbiotic worm tufts, microbial mats, and carbonate outcrops), suggesting that the seep habitat provides both substrate and autochthonous food resources. In this way, cold seeps in the Barents Sea function as biological hotspots where chemosynthesis provides important supplementary carbon sources to high-Arctic benthos.
